Purpose: Ultrasound use by emergency medicine and critical care physicians in the evaluation of the critically ill patient has increased in recent years. Several protocols exist to aid in diagnosing the etiology of shock and identifying rapidly reversible conditions in the undifferentiated hypotension patient. Currently, no protocol provides hemodynamic data or is designed to guide ongoing resuscitation of the critically ill patient with hypotension.
Introduction
Ultrasound has become indispensible for emergency medicine physicians and intensivists in the evaluation and management of patients in shock. Bedside ultrasound is no longer used solely for central line placement and the diagnosis of intra-abdominal free fluid. The emergency bedside applications being used with frequency span nearly every body system. The body of literature substantiating the ability of clinicians to accurately perform and interpret point-ofcare ultrasound studies is robust and growing.
For patients in shock, several goal-directed ultrasound protocols have been described in the literature. Each of these is aimed at finding rapidly reversible etiologies of shock in the undifferentiated hypotensive patient (i.e. tamponade, pneumothorax, intra-abdominal hemorrhage) (1) (2) (3) (4) (5) (6) . Though similar in their aim, they each differ in respect to the pathology sought, views obtained and the scope of the exam. Of these protocols, systematic study has been undertaken in only two. Jones et al. (2) have demonstrated that goal-directed ultrasound early in the presentation of patients with shock can improve the accuracy of the treating physician's diagnosis within 15 minutes of patient arrival from 50% accuracy at baseline to 80% accuracy with the use of ultrasound. Manno et al. (6) found a bedside ultrasound protocol in all admitted ICU patients changed the admitting diagnosis in 25.6% of patients, prompted further testing in 18.4% of patients and altered medical therapy in 17.6% of patients.
Bedside cardiac ultrasound in particular has been adopted as a key component of the emergent evaluation of critically ill patients (7, 8) . Cardiac ultrasound in the hands of non-cardiologist and non-radiologist clinicians has been shown to be accurate and reliable in diagnosing a wide array of pathologies. One paper has described a limited echocardiography protocol for use in trauma intensive care patients with the aim of evaluating for pericardial effusion, ventricular function and volume status (9) . All whole-body sonography protocols that have been described for the evaluation of shock incorporate a limited cardiac exam. Within both studies described above, the cardiac portion yielded positive findings most frequently (2, 6) . However, despite these advances in clinical practice, to our knowledge no standardized, goal-directed bedside echocardiography protocol currently exists to guide the ongoing resuscitation of patients in shock.
This novel goal-directed echocardiography protocol was developed to provide immediate diagnostic information as to the etiology of shock similar to other protocols as well as provide hemodynamic information useful to guiding and assessing therapy during ongoing resuscitation. The protocol is taught to critical care and emergency ultrasound fellows at our institution as well as emergency medicine residents rotating in the ICU. It is designed to go beyond diagnosing the etiology of shock and to guide on-going resuscitation of critically ill patients through their hemodynamic crisis. The initial exam serves as a benchmark to which future exams are compared, and subsequent exams monitor the hemodynamic response to interventions. The intention is that this protocol be used on a recurring and as-needed basis to supplement the standard hemodynamic monitoring in a patient with shock This protocol [ Table 1 ] is evidence-based. It incorporates the elements of the bedside cardiac exam that have been proven in the literature to be accurate and useful in the emergency setting. It is not designed to replace standard comprehensive echocardiography but rather to be used in locations or situations where obtaining a complete echocardiogram is not possible or feasible given time of day, availability of formal echo services and clinical condition of the patient. Additionally, the protocol can be repeated after an intervention to assess progress during resuscitation whereas repeated formal echocardiograms are not reasonable. The information obtained at the bedside from this protocol is potentially useful for diagnosing the etiology of shock, and guiding resuscitation of patients with hemodynamic instability. It is not intended to manage the subtleties of chronic cardiovascular disease or valvular disease.
A key element to the use of this protocol is the potential to determine response to therapy to help on-going resuscitation of patients with hemodynamic instability. In a volume-depleted patient, for example, a repeat exam could be performed following each fluid bolus. Traditionally, clinical exam findings of excessive fluid administration can be monitored but occur after the desired intravascular volume status has been surpassed and possible patient harm has been done. A patient in shock who, after several liters of fluid, no longer demonstrates intravascular volume depletion can be assuredly started on vasopressors. Additionally, a patient who continues to demonstrate volume responsiveness with a large stroke volume may be started on vasopressors in the setting of diastolic failure. This phenomenon is also seen as a result in increased arterial elastance which is unlikely to improve from further fluid administration. This protocol begins with an evaluation for pericardial effusion. The use of bedside ultrasound to diagnose pericardial effusion was one of the first applications employed by emergency medicine and critical care specialists. Emergency physicians can detect pericardial effusion on bedside ultrasound with a sensitivity of 96% and a specificity of 98% (10) . Hand-carried ultrasound units have been used in cardiac ICUs to identify pericardial effusion (11) . Although the sensitivity and specificity of these handheld units was 75% and 88% respectively, for all effusions, all false negatives had less than 20 mls of pericardial fluid on contrast enhanced CT and all false positives were estimated to be trace as well (11) . Bedside ultrasound in undifferentiated dyspneic patients found pericardial effusion in 13.6% of patients, 29% of which required pericardiocentesis (12) . If identified, the clinician can then evaluate for echocardiographic signs of tamponade. The elements of comprehensive echocardiographic evaluation for tamponade that are likely to be obtainable with a bedside machine by a noncardiologist clinician are right ventricular diastolic collapse and inferior vena cava plethora ( Figure 1 ) (13, 14) . However, as described below, inferior vena cava plethora can be caused by any elevation of right-sided pressures and should be interpreted in the context of the other findings on the exam. M-mode on parasternal long axis suggests tamponade physiology.
Global systolic function Q: Is the left ventricular global systolic function decreased, normal, or hyperdynamic? Q: What is the stroke volume and cardiac output?
In this protocol, left ventricular systolic function is assessed globally and is graded as decreased, normal, or hyperdynamic, rather than quantitatively estimating left ventricular ejection fraction (LVEF). Although LVEF is a numerical representation of left ventricular function, it is difficult to obtain in the acute setting and influenced by critical illness, as well as anatomic and physiologic factors limiting adequate endocardial visualization (15) . Additionally, as LVEF is not influenced by hemodynamic parameters (preload, afterload), it is less useful for the acute hemodynamic evaluation of the patient in shock (16) . E-point septal separation (EPSS) has been compared to magnetic resonance imaging methods of calculating ejection fraction with good correlation; however that correlation declines in the presence of wall motion abnormalities and valvular disease (17, 18) . Ahmadpour et al. (19) demonstrated EPSS to be a reliable index of ventricular performance in coronary artery disease patients but only as a predictor of decreased ejection fraction rather than estimating the exact ejection fraction. Secko et al. (20) showed that novice emergency physician obtained EPSS measurements correlated well with visual estimates of EF; however EPSS as a continuous variable did not correlate well with fractional shortening measurements in a study by Weekes et al. (21) . These data would suggest that estimating LVEF by either estimating quantitatively or by EPSS is inconsistent and not indicative of the underlying hemodynamic state. Instead of attempting to quantify ejection fraction, this protocol uses visual estimates of LV systolic function obtained in each view, which have been shown to be accurate and easily performed at the bedside (16, (22) (23) (24) .
IVC Q: Is the IVC small (<2cm) or large (>2cm)?
Q: Is the IVC dynamic (>20% change in diameter with respiration)? Assessing volume responsiveness in hypotensive patients is of paramount importance for restoring intravascular volume without deleteriously volume overloading the patient, which has been shown to worsen outcomes (25) (26) (27) (28) .Traditionally, central venous pressure (CVP) has been used as an endpoint of volume resuscitation (29) . CVP as a measure of ventricular preload has been shown to poorly correlate with intravascular volume status and volume responsiveness (30) (31) (32) . Rather than static CVP measurements, dynamic volume assessments reflected by cardiopulmonary interactions are more accurate and reliable for predicting improved cardiac index with volume infusion (33) (34) (35) (36) (37) (38) (39) (40) . Bedside ultrasound assessment of dynamic changes in inferior vena cava diameter with either distensibility (IVCd) in the case of a mechanically ventilated patient or collapsibility in a spontaneous breathing is a pre-heart/lung observation of cardiopulmonary interactions and has been shown to be reliable for predicting volume responsiveness (34, 35, 39, 41, 42) . This protocol uses IVCd as one of three assessments of volume responsiveness along with obliteration of the LV cavity on parasternal short axis (papillary level) and left ventricular outflow tract VTi. Since evidence of IVCd measurement in the presence of cirrhosis and alternative ventilator modes such as airway pressure release ventilation (APRV) is lacking, it is not ideal as the sole assessment for volume responsiveness. A plethoric IVC can be seen in both high right-sided pressure (pulmonary embolism, RV infarct) and in tamponade physiology. A plethoric IVC in the absence of pericardial effusion should alert the physician to the presence of high right-sided pressure or RV volume overload. Additionally, determination of adequate intravascular volume status can guide clinicians in initiation or titration of pressor support. Left ventricular end diastolic area (LVEDA), if seen as cavitary obliteration or "kissing papillary muscles" on parasternal short axis, has been shown to correlate with the presence of hypovolemia (43, 44) . LVOT VTi variability has recently been shown to correlate well with non-invasive cardiac output monitors to determine volume responsiveness in hypotensive patients (45, 46) . The LVOT VTi obtained on an apical 5 chamber can be used with the LVOT diameter obtained in the parasternal long axis view to calculate the stroke volume and cardiac output (Figure 3) (47,48) . . Cardiac output is calculated by multiplying SV by the heart rate.
The LVOT VTi represents a Doppler assessment of cardiopulmonary interactions that translates to stroke volume variation, pulse pressure variation, and systolic pressure variation as seen on an arterial line tracing which has been well correlated with volume responsiveness (33, 36, 37, 41, 42, 49) .
Case 1:
A 48-year-old male is admitted to the intensive care unit (ICU) with septic shock secondary to spontaneous bacterial peritonitis. He had received several liters of crystalloid in the ED and remains hypotensive with poor perfusion. RECES protocol was performed on admission to the ICU, which demonstrated the patient was volume responsive; however the stroke volume and cardiac output were elevated suggesting increased vascular elastance rather than intravascular volume depletion. The patient was placed on a vasopressor with improved tissue perfusion and indicators of shock.
Diastolic dysfunction Q: Is there diastolic dysfunction? Yes or No Q: Is there evidence of elevated left atrial pressure? Yes or No
Diastoloic dysfunction plays an increased role as patients age or have chronic hypertension (50) . Hemodynamically, this leads to an increased likelihood of pulmonary edema with aggressive fluid resuscitation, which has been shown to increase mortality (25, 27, 28) . In this protocol, mitral valve inflow velocities by pulsed wave Doppler (PWD) are used to assess diastolic dysfunction. Mitral E and A waves accurately reflect the pressure gradient between the left atrium and left ventricle and have been shown to be superior to LVEF for estimation of left ventricular function (50) . Mitral annulus tissue Doppler (TDI) is used to differentiate between pseudonormal inflow velocity patterns and decreased LV compliance as well as estimate left atrial pressure (50) . In grade I diastolic dysfunction, mitral inflow velocities demonstrate an E-A reversal. As left ventricular compliance worsens, the E-A pattern returns to normal; however, the velocities increase, representing the left atrium "pushing" the blood into the left ventricle rather than the ventricle "sucking" blood from the atrium as the cavitary pressure drops below atrial pressure in the normal heart (51). In mechanically ventilated patients diastolic velocities may be altered to some degree by changes in left ventricular compliance, mainly through changes in right ventricular compliance via ventricular interdependence. Additionally, estimated pulmonary artery systolic pressures >40mmHg in the absence of known pulmonary hypertension, lung disease, or systolic failure may indicate undiagnosed diastolic dysfunction and caution over-resuscitation with fluids. Emergency physicians can accurately perform this exam at the bedside as shown by Unluer and colleagues (52).
Case 2:
An 81-year-old male presents with 3 days of productive cough and fever. The patient is found to be hypotensive and tachycardic with high suspicion for severe sepsis. Electrocardiogram demonstrates LVH with strain, and labs are consistent with a severe sepsis syndrome. RECES protocol is performed on this patient which demonstrates grade III diastolic dysfunction and moderate mitral regurgitation which limited the amount of crystalloid given to avoid worsened pulmonary edema and ARDS.
Wall motion abnormalities Q: Is there any obvious wall motion abnormality (global or regional)? Yes or No
In a critically ill patient, differentiating shock-induced cardiac dysfunction from cardiogenic shock is difficult. Serial troponins may be helpful but may also be misleading, as in the case of sepsis-induced cardiomyopathy. The consensus statement on the use of focused cardiac ultrasound in the emergent setting recommends comprehensive echocardiography for the diagnosis of wall motion abnormalities (8) . To our knowledge, there exists only one paper evaluating the ability of non-cardiologist clinicians to diagnose wall-motion abnormalities. This study showed that a 30-minute training module significantly improved the ability of emergency physicians to identify wall motion abnormalities (53) . Though this has not been studied directly, we postulate that a negative exam performed and interpreted by a non-cardiologist clinician, given the skill required in image acquisition and interpretation, does not rule out the presence of wall motion abnormalities. However, a clearly positive exam noted by a bedside clinician in a patient with undifferentiated or multi-factorial shock could dramatically improve the quality of their resuscitation. A positive exam will require interpretation in consideration with the clinical picture and ancillary data. For example, sepsisinduced cardiomyopathy may present as global hypokinesia or unmask underlying ischemic cardiac disease especially in the presence of vasopressors or inotropes. The right ventricular systolic movement differs greatly from the left ventricle. As opposed to the rotational component to left ventricular contraction, the right ventricular free wall moves towards the septum, followed by longitudinal contraction bringing the base towards the apex (54) . As such, the tricuspid annular plane systolic excursion (TAPSE) using M-mode through lateral tricuspid annulus on an apical 4-chamber view is a reliable measurement of right ventricular systolic function ( Figure 4 ) (54-57). Elevations in RV afterload or decreases in contractility are reflected by a lower TAPSE (<16mm) (54, 55) . Septal movement is also used to demonstrate pressure or volume overload of the right ventricle. Obtained from a parasternal short axis view, septal flattening in systole represents pressure overload of the right ventricle whereas septal flattening in diastole represents volume overload (54) . The presence of septal flattening along with a decreased TAPSE should alert the practioner to elevated pulmonary pressures and RV failure in the acutely hypotensive patient. Pulmonary artery systolic pressure can be calculated by continuous wave (CW) Doppler of the tricuspid regurgitation jet obtained on an apical 4 chamber view ( p=4V 2 ) (58) . PA systolic pressure may be helpful to determine acute vs. chronic RV failure as the right ventricle is unable to overcome acute elevations in PA pressure >40mmHg (54, 59, 60) .
Right ventricle

Case 3:
A 56-year-old female presents by EMS with a seizure. She is found to be hypoxemic, unresponsive to supplemental oxygen, and hypotensive. She is given a fluid bolus immediately in the emergency department (ED), which worsens her hypotension and hypoxemia. The RECES protocol performed showed a dilated, hypodynamic right ventricle with a measured TAPSE of 12mm (severely decreased). tPA was administered and repeat RECES exam demonstrated an improved TAPSE of 16mm after 2 hours.
Valves Q: Is there obvious mitral, tricuspid, or aortic valve regurgitation? Yes or No
No systematic study has been performed evaluating the ability of emergency or critical care physicians to diagnose valvular pathology with bedside ultrasound. A study done comparing handheld bedside sonography performed by cardiologists to standard echocardiography found good agreement between studies in diagnosing morphologic aortic and mitral valvular pathology (61) . Literature describing clinician-performed bedside echocardiography to diagnose valvular disease is limited to case reports (62) (63) (64) . Despite this, a grossly abnormal valve could be recognizable by bedside clinician sonographers. In scenarios of papillary muscle rupture or valvular vegetations, recognition of these conditions would dramatically influence care. A strong regurgitant jet across the aortic or mitral valve in the setting of shock should alert the physician to acute valvular incompetence or, in the right clinical setting, endocarditis with valvular deterioration.
Limitations
The RECES protocol is not without its limitations. First, there requires a training period to not only learn the mechanics of acquiring the ultrasound images, but also gaining the knowledge base to interpret the findings and manipulate hemodynamics based on those findings. The protocol attempts to simplify complex echocardiographic principles into simple questions, however still requires somewhat intricate knowledge of hemodynamic principles to interpret. Although ultrasound training has become a required component of emergency medicine training and enthusiasm is increasing in critical care training, there still remains a large proportion of physicians in both specialties with limited to no ultrasound skills and would be required to attend a national course to gain the prerequisite skill. Secondly, although echocardiography is immensely helpful in the critically ill, it can also be very difficult in some patients. Many patients are intubated and cannot cooperate with positioning, obese, or have chronic lung disease limiting the ability to acquire appropriate views.
Conclusion
This protocol does not intend to replace comprehensive echocardiography. The machine quality and level of training of bedside clinicians cannot match the level of expertise available with comprehensive echocardiography. However, there are many scenarios in which comprehensive echocardiography cannot be feasibly obtained for a critically ill patient. This protocol is intended to be rapidly performed and allow a treating physician to make immediate clinical decisions when circumstances do not allow for comprehensive echocardiography. Additionally, a limitation of comprehensive echocardiography in the early period of resuscitation is that the information obtained can quickly become obsolete in the setting of a dynamic situation of disease progression and aggressive resuscitation. However, a key component of this protocol is re-evaluation throughout the resuscitation to account for these rapid changes.
Our experience with this protocol shows that others with similar or adequate training in echocardiography can use this protocol to determine the volume responsiveness (IVCd, LVOT VTi) of their patient as well as presence of pericardial effusion with tamponade physiology (RV diastolic collapse, MV inflow variability), systolic failure (poor contractility, decreased SV and CO), diastolic dysfunction (MV inflow velocities and TDI), RV systolic failure (TAPSE), acute valvular rupture, obvious wall motion abnormalities, and signs of pressure or volume overload (septal flattening on parasternal short axis). Future studies should evaluate the learning curve for mastering the ultrasound skills necessary for reliably performing the RECES protocol.
